In a still cryptic process, these pathogens utilize the and it elicits Pto-specific defenses. AvrPtoB has little TTSS to inject effectors across the plant cell wall into overall sequence similarity with AvrPto. However, the cytoplasm ( ., 1996) . Pto-Fen chimeras were used to define the kinase activation loop as a
key determinant of Pto interaction specificity for AvrPto
Results (Frederick et al., 1998; Scofield et al., 1996; Tang et al., 1996) . Pto kinase is phosphorylated on eight residues, Identification of Pseudomonas Proteins and mutation of two of these residues (T38 and S198)
that Interact with the Pto Kinase abolishes its ability to elicit host resistance (Sessa et To identify potential effectors from P. s. tomato DC3000 al., 2000). Recognition specificity of Pto for AvrPto apthat interact with the Pto kinase, we performed a yeast pears to have evolved before Lycopersicon speciation two-hybrid screen by using the tomato Pto kinase as because a Pto family member from a distantly related the bait and a pool of DC3000 prey libraries (see Experispecies, L. hirsutum, also recognizes AvrPto (Riely and mental Procedures). Based on the DNA sequences, ten .
classes of bacterial genes were identified in this screen The AvrPto gene was originally isolated from P. s.
(Y.J.K., unpublished; see Supplemental Table S1 at tomato strain JL1065 based on its ability to confer aviruhttp://www.cell.com/cgi/contenct/full/109/5/589/DC1). lence to a virulent strain of P. s. maculicola (Ronald et For unknown reasons, AvrPto was not recovered. One al., 1992). AvrPto encodes an 18 kDa protein that bears Pto-interacting class, PtiDC1, which contained eight little sequence similarity to proteins in current databases clones, shared sequence similarity with a previously de- (Salmeron and Staskawicz, 1993) wish to denote its functional similarity with avrPto (i.e., internal region of AvrPto determines its binding specificavrPto, originally isolated from P. s. tomato strain ity for Pto. JL1065, is formally avrPtoA JL1065 ). AvrPto-like DNA sequences are present in Pseudomo-A cosmid was recovered from a DC3000 library by nas strains that are known to be avirulent on Pto tomato using a PtiDC1 probe, and a 6.0 kb PstI fragment conplants (race 0 strains) and are absent from virulent ones taining avrPtoB was subcloned and sequenced. (Table 1) . Thus, subregion V of AvrPto and AvrPtoB plays an important role in the Pto interaction and HR-eliciting activity of these effectors.
Discussion
We identified a second Pseudomonas protein, AvrPtoB, that interacts with the Pto kinase and elicits Pto-specific and Prf-dependent disease resistance in tomato leaves. AvrPtoB proteins have exactly the same interaction specificity for Pto in the yeast two-hybrid system and despite many differences they share several small, dispublished data). Based on these observations, we speculated that residues in subregion V might be required crete subregions in common. Subregion V plays a key role in the interaction with the Pto kinase, and it is possifor interaction of AvrPtoB with Pto (see below).
Finally, our alignment of AvrPto and AvrPtoB revealed ble that other subregions also have conserved roles. Our findings demonstrate that distinct bacterial effector four other discrete regions of shared amino acids in the C-terminal region. Deletion of the C-terminal 40 amino proteins interact with the Pto kinase by using a common structural mechanism. acids of AvrPto does not affect its interaction with Pto in yeast (Chang et al., 2001 ), and this suggests that A yeast two-hybrid screen involving 12 Pseudomonas genomic prey libraries and a Pto bait construct was subregions VIII and IX of AvrPtoB are not required for Pto interaction. Substitutions at N145, P146, S147, or used to isolate AvrPtoB. The Pseudomonas genome is about 6.6 Mb, and therefore the screening of 5 ϫ 10 7 S153 of AvrPto abolished its ability to elicit the HR in tobacco line W38, raising the possibility that another random prey clones with an average insert size of 1 kb provides a Ͼ99.9% probability of testing every PseuPto-like R protein exists in that line (Shan et al., 2000b) . N511 and P512 of AvrPtoB might serve a similar funcdomonas genome sequence in the proper reading frame at least once for interaction with Pto. By using the tion, although AvrPtoB also has an NPSxxxxxS motif near subregion V (i.e., N327, P328, S329, S335). We have DC3000 genome sequence (www.tigr.org), we examined each of the PtiDC clones recovered (see Supplemental found that expression of AvrPtoB in W38 does not elicit the HR, but whether this is due to the different locations Table S1 at A detailed structure-function analysis of both Avr proteins will be necessary to fully understand the imporfactor because it promotes watersoaking by the pathogen in a bean pod assay. It was subsequently found to tance of residues conserved between them. We began this analysis by examining subregion V (the "GINP moconfer avirulence to P. s. phaseolicola bacteria infiltrated into soybean leaves (Jackson et al., 1999) . In a related tif") because it is perfectly conserved in both AvrPto and AvrPtoB, and previous work with AvrPto found that study, we found that AvrPtoB also promotes watersoaking in the bean pod assay and therefore has virulence several residues within this subregion are required for interaction with Pto ( Alternatively, the GINP motif could affect the structure of another part of these proteins that interacts with Pto. We found that avrPtoB did not confer avirulence on all P. s. tomato strains tested (Table 1) . This is consistent
We are currently determining the three-dimensional structure of the AvrPto protein, and this will allow us with the fact that AvrPtoB was not isolated previously by screening of DC3000 cosmids in a . It might be anticipated that widely conserved effectors serve as virulence facAvrPto was previously found to interact with certain Pto variants, and these proteins were used to define tors and this appears to be the case for AvrPtoB. We have cloned several avrPtoB-related sequences from residue T204 of Pto as a key determinant of recognition specificity for AvrPto (Frederick et al., 1998) . Remarkselected Pseudomonas, Erwinia, and Xanthomonas strains, and from preliminary sequence analysis we find ably, AvrPtoB interacts with the same Pto variants as AvrPto, and thus T204 is also a key Pto determinant for a high degree of similarity among them (unpublished data). Future study of the AvrPtoB/VirPphA family will interaction with AvrPtoB. AvrPtoB also interacts with the one AvrPto-interacting member of the Pto family reveal if it plays a conserved role in promoting virulence in these diverse phytopathogens. isolated from a bacterial speck-resistant wild species of tomato, Lycopersicon hirsutum. These observations Although our studies revealed many similarities between AvrPto and AvrPtoB, we also observed some suggest that there has been selection in Lycopersicon spp. over a long period of time for Pto kinases that striking and intriguing differences. First are the differences in the genes and corresponding proteins. specifically recognize a conserved feature present in both the AvrPto and AvrPtoB proteins. effectors target the Pto kinase, they each may require additional and distinct host proteins for their avirulence
